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EFFECTS OF SPOILERS AND GEAR ON B-747 WAKE VORTEX VELOCITIES 
A. B. Luebs,* J. G. ~ r a d f u t e , ~  and D. L. Cif fone 
Ames Research Center 
SUMMARY 
In  suppor t  of t h e  NASA wake vor tex  a l l e v i a t i o n  program, v o r t e x  veloc- 
i t i e s  were measured i n  t h e  wakes of f o u r  c o n f i g u r a t i o n s  of a 0.61-m (2 - f t )  
span model of a  B-747 a i r c r a f t .  The wakes were genera ted by towing t h e  
model underwater i n  a  s h i p  model bas in .  Tangen t i a l  ( v e r t i c a l )  and a x i a l  
(streamwise) v e l o c i t y  p r o f i l e s  were obta ined wi th  a scanning l a s e r  velocim- 
e t e r  a s  t h e  wakes aged t o  35 span l e n g t h s  behind t h e  model. A 45' d e f l e c t i o n  
of  two outboard f l i g h t  s p o i l e r s  w i t h  t h e  model i n  t h e  landing c o n f i g u r a t i o n  
r e s u l t e d  i n  a 36 percent  r educ t ion  i n  wake maximum t a n g e n t i a l  v e l o c i t y ,  
a l t e r e d  v e l o c i t y  p r o f i l e s ,  and e r r a t i c  vor tex  t r a j e c t o r i e s .  Deployment of 
t h e  l and ing  gear  wi th  t h e  inboard f l a p s  i n  t h e  l and ing  p o s i t i o n  and outboard 
f l a p s  r e t r a c t e d  had l i t t l e  e f f e c t  on t h e  f l a p  v o r t i c e s  t o  35 spans ,  bu t  
caused t h e  wing t i p  v o r t i c e s  t o  have: (1) more d i f f u s e  v e l o c i t y  p r o f i l e s ;  
(2)  a 27 percent  r educ t ion  i n  maximum t a n g e n t i a l  v e l o c i t y ;  and (3) a more 
r a p i d  merger wi th  t h e  f l a p  v o r t i c e s .  
INTRODUCTION 
This  experimental  s tudy  is  p a r t  of a  concer ted  e f f o r t  t o  reduce t h e  
hazard p o t e n t i a l  of l i f t - g e n e r a t e d  wake vort!.ces t r a i l i n g  heavy a i r c r a f t .  
Recent r e sea rch  ( r e f .  1 )  h a s  e s t a b l i s h e d  t h a t  t x b u l e n c e  produced by 
f l i g h t  s p o i l e r s  and favorab le  span load g r a d i e n t s  induced by s e l e c t i v e  
f l a p  s e t t i n g s  a r e  e f f e c t i v e  i n  a l l e v l a t i n g  concentra ted  wake v o r t i c i t y .  
Both of t h e s e  concepts have been shown ( r e f .  1) t o  be  a p p l i c a b l e  t o  t h e  
B-747 a i r p l a n e .  However, i t  is  not  completely understood how land ing  gear  
deployment can adverse ly  a f f e c t  wake a l l e v i a t i o n  obta ined by span load 
modi f i ca t ion  ( r e f .  1 )  o r  what flow mechanisms a r e  r espons ib le  f o r  t h e  a l l e -  
v i a t i o n  achieved wi th  p roper ly  placed s p o i l e r s  ( r e f .  2) .  
To h e l p  c l a r i f y  t h e s e  u n c e r t a i n t i e s ,  t h i s  paper p resen t s  q u a n t i t a t i v e  
measurements obta ined i n  t h e  wake downstream of a  B-747 a i r c r a f t  model 
configured wi th  s p o i l e r s  and f l a p s  t o  a l l e v i a t e  concentra ted  wake v o r t i c i t y .  
The experiment was performed i n  t h e  Univers i ty  of C a l i f o r n i a ' s  s h i p  model 
b a s i n  a t  Richmond, C a l i f o r n i a .  Time-dependent t a n g e n t i a l  ( v e r t i c a l )  and 
*Graduate Student ,  S tanford  Univers i ty ,  Stanford ,  C a l i f .  
tS tuden t ,  Harvey Mudd College,  Claremont, C a l i f .  
a x i a l  (streamwise) v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  wakes of a 0.61-m (2-f t )  
span model were measured wi th  a scanutng l a s e r  velocimeter .  Data were 
obtained t o  d i s t a n c e s  of 35 span l eng ths  behind t h e  model. The model was 
f i t t e d  wi th  removable t r i p l e - s l o t t e d  f l a p s ,  f l i g h t  s p o i l e r s ,  and landing 
gear.  The mean chord t e s t  Reynolds nuniber was 82,000. 
EXPERIMENTAL APPARATUS AND PROCEDURE 
F a c i l i t y  and Model Descr ip t ion  
The Univers i ty  of C a l i f o r n i a ' s  s h i p  model basj?,  l o c a t e d  i n  Richmond, 
Califor::ia, is 61  m long,  2.44 m wide, and 1 .7  m de p. The model was s t r u t -  
mounted t o  an  e l e c t r i c a l l y  d r iven  c a r r i a g e  and towed through t h e  water p a s t  
a viewing s t a t i o n  ( f i g .  1 ) .  A t  t h i s  s t a t i o n ,  l a r g e  g l a s s  windows i n  t h e  s i d e  
of t h e  tank a l low t h e  model wake t o  be observed a s  i t  ages  and descends. A l l  
d a t a  were obta ined at  a towing speed of 1 m/sec. 
Four conf igura t ions  of a 0.01 s c a l e  model of a B-747 a i r c r a f t  were 
t e s t e d  ( f i g .  2) :  (1) landing,  LDG, wi th  inboard and outboard f l a p s  d e f l e c t e d  
46' and leading-edge f l a p s  extended; (2) LDG (S),  same as LDG but wi th  two 
outboard f l i g h t  s p o i l e r s  d e f l e c t e d  upward a t  45'; (3) LDG/O, same a s  LDG 
but  wi th  outboard f l a p s  r e t r a c t e d ;  and (4) LDG/O (CR), same a s  LDG/O but  wi th  
landing gear r e t r a c t e d .  The s p o i l e r s  were l o c a t e d  forward of t h e  outboard 
h a l f  of t h e  outboard f l a p  from 0.59 t o  0.69 of t h e  semispan ( f i g .  2) .  To 
a l low observat ion of t h e  wake v o r t i c e s  t h a t  it genera tes  i n  t h e  wa te r ,  t h e  
model i s  equipped wi th  dye-ejection o r i f i c e s  ( r e f .  3). 
Experimental Procedure 
It has been concluded t h a t  t h e  s c a l i n g  laws f o r  modeling f l u i d  phenomena, 
p e r t i n e n t  t o  t h e  study of wake v o r t i c e s ,  a r e  e s s e n t i a l l y  t h e  same f o r  tests 
i n  water a s  i n  air ( r e f s .  4-7), and t h a t  t h e  f o r c e s  a c t i n g  on h y d r o f o i l s  
operated a t  depths  g r e a t e r  than two chord l e n g t h s  a r e  e s s e n t i a l l y  unaffected 
by t h e  f r e e  s u r f a c e  and a r e  equal  t o  those  obtained on a wing opera t ing  i n  
an  i n f i n i t e  medium ( r e f .  8).  The model c e n t e r l i n e  i n  t h e s e  tests was loca ted  
approximately f i v e  chord l eng ths  (0.75 of a span) below t h e  f r e e  su r face .  
Although t h e  t e s t  Reynolds number (82,000 based on chord) was considerably  
l e s s  than f u l l  s c a l e ,  general  agreement i n  wake appearance ( r e f .  1 )  and 
vor tex  t r a j e c t o r i e s  (ref .  9) was ev iden t  comparisons could be made 
wi th  f l i g h t  d a t a .  Wake d a t a  obtained i n  t h i s  test should,  t h e r e f o r e ,  be  
i n d i c a t i v e  of f l i g h t  r e s u l t s .  This seeming l a c k  of Reynolds number s e n s i t i v -  
i t y  does n o t  come a s  a complete s u r p r i s e  s i n c e  previous wake vor tex  v e l o c i t y  
measurements obta ined i n  t h i s  f a c i l i t y  ( r e f .  5) on a v a r i e t y  of wing config- 
u r a t i o n s  c o r r e l a t e d  wel l  ( r e f .  10) wi th  both wind-tunnel and f l i g h t  measure- 
ments. 
Dye was emit ted from t h e  model t o  a l low v i s u a l  t r ack ing  of t h e  wake 
v o r t i c e s  a s  they moved through t h e  water .  I n  add i t ion ,  t h e  viewing s e c t i o n  
of the tank was seeded with polystyrene copolymer latex spheres to provide 
sufficient scattering particles to ensure laser velocimeter signals with 
adequate strength and resolution. The combination of a small particle size 
(2 to 15 LI diameter) and a specific gravity of 1.06 for these spheres ensures 
flow-tracing fidelity. The laser velocimeter began scanning the flow field 
prior to the model's arrival at the viewing station, and the timing for a 
run was initiated as the streamlined strut passed the outgoing laser beams. 
During each run, the elevation of the laser velocimeter was kept constant 
and the aging vortices allowed to descend through the LV's optical axis. 
After each run, the carriage was returned to the starting end of the tank, 
and the laser was used to monitor water motion to ensure a calm tank prior 
to the next run (eddy velocities 50.004 m/sec). At a towing speed of 
1 mlsec, the laser scanning rate was such that the rate of change of the age 
of the wake with lateral position of the focal point of the laser beams was 
A(X/b)/A(Y/b/2) = 2. Hence, during the scan of the vortex cores, the wake 
aged approximately one-third of a spsn (-0.2 sec). 
Data Acquisition and Presentation 
The trailing vortex flow was spatially scanned using the single com- 
ponent laser velocimeter shown installed at the viewing station of the tank, 
in figure 1, and schematically in figure 3. A prism splits the green 
(5145 A) output beam of the argon-ion laser into two parallel beams, one of 
which is then frequency-shifted 40 MHz by a Bragg Cell to achieve directional 
sensitivity in the signal. The two beams then pass through a scanning lens, 
which is mounted on a motorized slide, and are subsequently crossed at a 
focal point in the water by the collector lens. The beam splitter prism and 
Bragg Cell can be rotated as a unit to measure vertical or streamwise flow 
velocities. Light scattered from particles at the focal point is collected 
through the same optical system and focused onto a photomultiplier tube. 
The frequency detected by the photomultiplier is linearly related to flow- 
field velocity by 
(5145 A) (f - fs) 
v = 2u sin 812 
where fs is the Bragg Cell shift freqaency, 40 MHz. This equation represents 
the vortex axial velocity Vx or tangential velocity, Vz (depending on the 
orientation of the LV) when a core centerline penetration of the vortex is 
achieved. The crossing angie 0 of the two laser beams and the distance of 
their focal point from the tank wall are dependent on the scanning lens posi- 
tion. The index of refraction of water was used in the above equation 
(u = 1.33). 
A spectrum analyzer and signal sampler vere used to process the photo- 
multiplier output dignal. The signal sampler provided an analog output 
proportional to frequency. This voltage, together with the voltage across 
potentiometers mounted on the scanning lens mechanism and the lift supporting 
the laser, was digitized and recorded on tape. During the interval between 
test runs, while water motions were settling, the data stored on tape from 
t h e  just-completed test run were reduced and p l o t t e d .  This  o n s i t e  da ta  
review c a p a b i l i t y  g r e a t l y  a s s i s t s  i n  providing r e p r e s e n t a t i v e  d a t a  i n  a  mini- 
mum amount of test runs ,  and a l lows f o r  f u r t h e r  i n v e s t i g a t i o n  o f  unexpected 
r e s u l t s .  
Flow f i e l d  v e l o c i t i e s  a r c  presented a s  f r a c t i o n s  of towing speed lJm. 
Streamwise p o s i t i o n  X ( p o s i t i v e  downstresm) , spanwise p o s i t i o n  Y (posi-  
t i v e  outboard along t h e  r i g h t  semispan), and v e r t i c a l  p o s i t i o n  Z ( p o s i t i v e  
upward) a r e  nondimensionalized by wingspan b. The o r i g i n  of t h e s e  coordi-  
n a t e s  is t h e  p ro jec ted  l o c a t i o n  of t h e  wingt ip  t r a i l i n g  edge onto  t h e  
fuse lage  c e n t e r l i n e .  
DISCUSSION OF RESULTS 
The wakes of four  conf igura t ions  of t h e  B-747 model were i n v e s t i g a t e d .  
Velocity p r o f i l e s  through t h e  wake v o r t i c e s  were measured and compared a t  
t h r e e  v e r t i c a l  p o s i t i o n s  below t h e  model. These p o s i t i o n s  were Z/b = -0.16 
(nearf  i e l d )  , -0.44 (midf ie ld ) ,  and -0.69 ( f a r f  i e l d )  . Of primary i n t e r e s t  
was t h e  e f f e c t  of s p o i l e r s  on t h e  LDG conf igura t ion  and t h e  e f f e c t  of landing 
gear on t n e  LDG/O conf igura t ion .  The r e s u l t s  a r e  presented a s :  (a)  ran- 
g e n t i a l  and a x i a l  v e l o c i t y  p r o f i l e s  f o r  t h e  dominant v o r t i c e s  ( f i g s .  5-8); 
maximum vor tex  v e l o c i t y  downstream dependence ( f i g s .  9 and 1 0 ) ;  and 
(c)  vor tex  t r a j e c t o r i e s  ( f i g s .  11 and 12) .  
Vortex Veloci ty  P r o f i l e s  
I n  t h e  landing conf igura t ion ,  t h e  B-747 sheds f i v e  v o r t i c e s  from each 
s i d e  of t h e  wing. Four of t h e s e  v o r t i c e s  a r e  due t o  t h e  span-loading gradi-  
e n t s  caused by t h e  f l a p s  and t h e  f i f t h  is  due t o  t h e  span-load gradient  a t  t h e  
wing t i p .  The dominant v o r t e x  is shed from t h e  outboard edge of t h e  outboard 
f l a p .  The wing t i p  vor tex  merges wi th  t h i s  vor tex ,  and the  r e s u l t  is a  
p e r s i s t e n t  vor tex.  It has  been e s t a b l i s h e d  ( r e f .  1 )  t h a t  a 45" d e f l e c t i o n  of 
t h e  two outboard f l i g h t  s p o i l e r s  ( f i g .  2) r e s u l t s  i n  a  15 t o  50 percent  
reduct ion of t h e  r o l l i n g  moment on an encountering a i r c r a f t ,  depending on t h e  
wing span r a t i o  of generator  t o  fol lower  ( r e f s .  1 , 2 ) .  However, t h e  mechanism 
of i n t e r a c t i o n  between s p o i l e r  and vor tex  is  not  completely understood. 
The measured e f f e c t  of s p o i l e r s  Jn  t h e  t a n g e n t i a l  v e l o c i t y  p r o f i l e  of 
t h e  dominant vor tex  i n  t h e  wake of t h e  LDG conf igura t ion  is  shown i n  f i g u r e  5. 
The models' two outboard f l i g h t  s p o i l e r s  were d e f l e c t e d  upward 45'. L i f t  
c o e f f i c i e n t  wi th  and without s p o i l e r s  was kept a t  a  nominal va lue  of 1 .3  by 
a d j u s t i n g  model angle  of a t t a c k .  I n  t h e  nearf  i e l d  ( a t  Z/b = -0.16), t h e  
s p o i l e r s  inc rease  t h e  vor tex  s i n k  r a t e  by an average of 48 percent  and reduce 
t h e  maximum t a n g e n t i a l  v e l o c i t y  by 28 percen t , '  Hence, wi th  s p o i l e r s ,  t h e  
' Maximum t a n g e n t i a l  v e l o c i t y  i s  def ined a s  t h e  average va lue  of inboard 
and outboard peak t a n g e n t i a l  v e l o c i t y  from a  given v e l o c i t y  p r o f i l e .  Vortex 
s i n k  r a t e  is  es t imated from t h e  p o s i t i o n  of t h e  v o r t e x  c e n t e r  wi th  respec t  
t o  zero v e l o c i t y .  
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f l a p  vortex a r r i v e s  a t  t h i s  nea r f i e ld  v e r t i c a l  s t a t i o n  two span lengths  sooner 
and has a lower tangent ia l  ve loc i ty .  Negative v e r t i c a l  ve loc i ty  components 
r e s u l t i n g  from the downward motion of the  vortex cause t h e  ve loc i ty  p r o f i l e  
t o  be biased downward toward negat ive values of t angent ia l  ve loc i ty .  The 
da ta  of f i gu re  5 have not been corrected f o r  t h i s  motion. Although the  
saddle shapc of t he  ve loc i ty  p r o f i l e  a t  t he  0.7 semispan pos i t ion  fo r  the  
LDG (S) configuration appears a t  a spanwise loca t ion  j u s t  behind the  outboard 
edge of t he  spo i l e r s ,  it is  believed tha t  t h i s  region of low veloci ty  is the  
r e s u l t  of the l ike-s ign wingtip vortex merging with t h e  f l a p  vortex. The 
same depression is not seen i n  t he  LDG configurat ion ve loc i ty  p r o f i l e  
because, by 7.2 span lengths ,  t h e  merging process has been completed ( r e f .  3 ) ,  
and only t he  s ing l e  f l a p  vortex is  dis t inguishable .  
I n  the  midfield ( a t  Z/b = -0.44) the averhge vortex s ink  r a t e  of each 
configurat ion increased s l i g h t l y ,  while t h e i r  maximum tangent ia l  ve loc i ty  did 
not change. Figure 5 shows the  major e f f e c t  of the  s p o i l e r s  a t  t h i s  s t a t i o n  
t o  be a more d i f fu se  f l a p  vortex with a broadened core.  However, some of 
t h i s  broadening may be due t o  vortex curvature i n  t he  plane orthogonal t o  the  
one containing the  l a s e r  beams. A t  t h i s  loca t ion  below the  model, the  
LDG (S) f l a p  vortex i s  moving l a t e r a l l y  i n  an e r r a t i c  path toward the  obser- 
va t ion  windows (vortex t r a j e c t o r i e s  a r e  discussed l a t e r ) .  The f l a p  and wing- 
t i p  merger has been completed a t  t h i s  s t a t i o n  and the  saddle shape i n  the  
ve loc i ty  p r o f i l e  of the  LDG (S) configurat ion is no longer evident.  Further 
downstream a t  X/b = 27.2, 28.3 and Z/b = -0.69, the  maximum tangent ia l  
v e l o c i t i e s  remain unchanged, t he  average vortex s ink  r a t e  of t he  LDG (S) 
configurat ion has slowed and become comparable t o  t h a t  of t he  LDG configura- 
t i on ,  and the  ve loc i ty  p r o f i l e  of the LDG (S) configurat ion shows a recon- 
cen t ra t ion  of v o r t i c i t y  (reduced core s i z e ) .  While the r e l a t i v e l y  small core 
diameter indicated by the  LDG (S) ve loc i ty  p r o f i l e  is su rp r i s ing  and sugges- 
t i v e  of an off-center core penetrat ion,  t he  magnitudes of t angent ia l  ve loc i ty  
agree with the  r e s t  of f i gu re  5 and the  apparent reconcentrat ion of v o r t i c i t y  
are i n  agreement with flow v i sua l i za t i on  s tud i e s  ( r e f .  6) . 
In  the  LDG/O (GR) configurat ion,  the outboard f l a p  is r e t r ac t ed  and th ree  
vo r t i ce s  a r e  shed from each s i d e  of the  wing - one from each s i d e  of t h e  
inboard f l a p  and the  wingtip. F i r s t ,  t he  vortex from t h e  inboard s i d e  of 
the  f l a p  merges with the  one from the  f l aps '  outboard s ide  ( r e f .  11) , and 
then t h e  wingtip vortex moves inboard and merges with t h i s  r e su l t i ng  f l a p  
vortex, causing a very d i f fu se  res idua l  vortex. Compared t o  t he  landing 
configurat ion,  reductions of 50 percent i n  r o l l i n g  moment on an encountering 
a i r c r a f t  (depending on the  wing span r a t i o  of generator t o  follower) have 
been measured fo r  t h i s  LDG/O (GR) configurat ion ( r e f .  1 ) .  However, i t  is  not 
completely understood why t h e  vortex reconcentrates  when the  landing gear is 
deployed. 
The measured e f f e c t  of landing gear i s  shown i n  a comparison of the  
LDG/O (GR) vortex ve loc i ty  p r o f i l e s  of f igures  6 t o  8. Tangential  ve loc i ty  
p r o f i l e s  from the  outboard vortex of the f l a p  and from the  wingtip a r e  
compared i n  f igures  6 and 7, respec t ive ly ,  while f i gu re  8 compares f l a p  a x i a l  
ve loc i ty  p ro f i l e s .  L i f t  coe f f i c i en t  was 1.16 f o r  a l l  of t h i s  data .  Although 
reference 11 suggests a d i f fe rence  i n  the  merging c h a ~ a c t e r i s t i c s  of t he  f l a p  
vor t i ce s  due t o  t he  presence of t h e  landing gear.  Figure 6 ind ica tes  t h a t  
within the  s c a t t e r  of t he  da t a ,  t he  landing gear does not appear t o  a f f e c t  
e i t h e r  the  magnitude o r  p r o f i l e  of the  f l a p  vortex tangent ia l  ve loc i ty  t o  
29 span lengths  behind the  model. This vortex is qu i t e  concentrated and has 
high tangent ia l  v e l o c i t i e s  i n  the  near f ie ld .  The upvash seen i n  the  ve loc i ty  
p r o f i l e  i n  the  v i c i n i t y  of t he  wingtip f o r  t he  LDG/O configurat ion a t  
Z/b = -0.44 and -0.69 is probably associated with r e s idua l  v e l o c i t i e s  from 
the wingtip vortex a f t e r  merger with t he  f l ap .  This merger is completed by 
about 21 spans. The presence of the  landing gear does a f f e c t  t he  wingtip 
vortex ve loc i ty  p r o f i l e  i n  t h i s  configuration. This is shown i n  f i gu re  7. 
A t  7 t o  8 spans behind the  model, t h e  wingtip vortex i s  located above and 
inboard of the f l a p  vortex ( r e f .  3) and is  moving rap id ly  downward. This 
rapid downward movement V,/U, -0.075 is the reason t h a t  t he  measured 
ve loc i ty  p r o f i l e s  a t  Z/b = -0.154 a r e  almost e n t i r e l y  negative.  For t he  
LDG/O (GR) configurat ion,  the  wingtip vortex is very concentrated and well- 
defined. The presence of t he  landing gear makes the  vortex more d i f f u s e  and 
reduces its maximum tangent ia l  ve loc i ty  by 27 percent.  The upwash evident i n  
the ve loc i ty  p r o f i l e  over the outer  half  of the semispan is due t o  c i rcu la -  
t i o n  from the  f l a p  vortex, which is  outboard and below the  t i p  vortex.  A t  
12 span lengths  behind the  model, t he  wingtip vortex has moved downward t o  a 
posi t ion almost d i r e c t l y  inboard of the  f l a p  vortex. The increased f luctua-  
t i ons  i n  the ve loc i ty  p r o f i l e s  over t he  outboard s ec t ion  of the  semispan a r e  
due t o  the  c loser  proximity of t he  f l a p  vortex. Due t o  t he  gear ,  the  LDG/O 
i i p  vortex is s t i l l  more d i f f u s e  and has lower tangent ia l  v e l o c i t i e s  than the  
LDG/O (GR) configuration. A t  t h i s  s t a t i o n ,  the LDG/O t i p  vortex i s  a l s o  
f a r the r  outboard, which is cons is ten t  with flow v i sua l i za t i on  r e s u l t s  ( r e f .  3).  
These flow v i sua l i za t i on  s tud i e s  a l so  i nd i ca t e  t h a t  t he  wingtip vortex merges 
with t he  f l a p  vortex a t  -18 span lengths  when the  gear i s  deployed and is 
delayed t o  -21 spans when the  gear i s  r e t r ac t ed .  Figure 7 suggests t h i s  a t  a 
v e r t i c a l  posi t ion of 0.69 span below the  model where a wingtip vortex 
tangent ia l  ve loc i ty  p r o f i l e  was measured f o r  t h e  LDG/O (GR) configurat ion a t  
21.4 spans, but none was measurable fo r  the  gear-retracted configuration. A t  
t h i s  s t a t i o n ,  the  LDG/O (GR) wingtip vortex is below and outboard of the f l a p  
vortex, the loca t ion  where merger general ly  occurs ( r e f .  3) .  
Axial ve loc i ty  p r o f i l e s  of the  f l a p  vortex f o r  t h e  LDG/o and LDG/O (GR) 
configurations a r e  shown i n  f i gu re  8 .  Since t h i s  l a s e r  velocimeter can 
measure only one ve loc i ty  component a t  a time, these p r o f i l e s  were taken 
separately from the  data  of f i gu re  6 ,  It is  seen t h a t  a t  Z/b = -0.16, the 
f l a p  outboard edge vortex has a c l ea r ly  defined a x i a l  ve loc i ty  defect .  An 
a x i a l  ve loc i ty  defect  being defined a s  ( 1  - V,/U,) > 1.0 and represent ing a 
streamwise flow i n  t he  core of the  v o r t e x , i n  an upstream d i r ec t i on  towards 
the  model. Figure 8 shows tha t  by the  time t h i s  vortex has descended t o  
0.44 span below the  model, f l uc tua t ions  appear i n  the  a x i a l  ve loc i ty  p r o f i l e  
f o r  the  LDG/O (GR) configurat ion.  These f l uc tua t ions  a r e  a consequence of 
t \e  wingtip vortex-flap vortex merger. For t he  LDG/O (GR) configurat ion,  the  
merger i s  i n  i ts  f i n a l  s tages  and a double peak is  seen i n  the ve lg~ci ty  
p ro f i l e .  Axial v e l o c i t i e s  fo r  t he  LDG/O configurat ion were measured a t  
e a r l i e r  times a t  t h i s  v e r t i c a l  s t a t i o n ,  and the  merging process was not a s  
f a r  along. The maximums i n  ve loc i ty  a t  0.55 and 0.8 semispan is  due t o  the  
f l a p  and wingtip vo r t i ce s ,  respect ively.  Axial flow enhancement seen a t  
severa l  pos i t ions  along t h e  semispan fo r  t he  LDG/O configurat ion might be due 
i n  p a r t  t o  a measured a x i a l  component r e s u l t i n g  from a downward curvature  of 
the vortex. A t  Z/b = -0.69, there  is s t i l l  evidence of vor tex  merger i n  t he  
LDG/O configurat ion;  both ve loc i ty  p r o f i l e s  have become q u i t e  d i f fuse .  In  
summary, t h e  e f f e c t  of landing gear on the  a x i a l  ve loc i ty  p r o f i l e  of t h e  f l a p  
outer-edge vor tex  appears t o  be a reduct ion i n  ve loc i ty  defec t  and a more 
d i f fu se  core .  The reduced ve loc i ty  defec t  is surpr i s ing ,  s i n c e  it was an t ic -  
ipated t ha t  the  gear drag would r e s u l t  i n  an increased a x i a l  ve loc i ty  defec t .  
Perhaps the  momentum defec t  associated with the  gear does not  become trans-  
ported i n t c  the  vortex core u n t i l  f u r the r  downstream. 
Vortex Maximum Veloc i t ies  
Comparisons of the  downstream dependence of vortex maximum tangent ia l  
ve loc i ty  normalized by l i f t  coe f f i c i en t ,  f o r  t he  conf igura t ions  t e s t e d ,  is  
presented i n  f i gu re  9. The v e l o c i t i e s  of the  outboard f l a p  outer-edge 
vortex f o r  both t he  LDG and the  LDG (S) configurat ions d i sp lay  t he  now famil- 
i a r  plateau ( r e f .  5 ) .  Although, f o r  these  configurat ions,  t he re  is  l i t t l e  
decay i n  t h e  normalized maximum v e l o c i t i e s  once wake ro l l up  and merging have 
been completed ( - ~ / b  > 6),  t he  s p o i l e r s  reduce t h i s  ve loc i ty  by 35 percent.  
I n  con t r a s t ,  there  is l i t t l e ,  i f  any, e f f e c t  of t he  landing gear on t h e  
maximum ve loc i ty  of t he  inboard f l a p  outer-edge vortex,  and no plateau region 
is evident f o r  t h i s  vortex. The absence of t h e  p la teau  is due t o  t he  longer 
time required f o r  t he  wingtip-flap vortex merger, The flow v i sua l i za t i on  
ind ica tes  t h a t  t h i s  merger is not  completed u n t i l  -18 t o  20 span lengths  down- 
stream, and the  ve loc i ty  p r o f i l e s  ( f i g .  6) suggest t h a t  it  may go on longer 
than t h a t .  A t  30 span lengths  downstream, the  wake maximum t angen t i a l  
ve loc i ty  of the  LDGIO and LDG (S) configurat ions is  comparable. However, 
there  is evidence ( r e f s .  1,7) t h a t  fu r the r  downstream the  LDG/O f l a p  vortex 
experiences a reconcentration of v o r t i c i t y .  Also shown i n  f i gu re  9 is the  
LDG/O l a s e r  velocimeter wind tunnel r e s u l t  of r , t ference 12. The hgreement 
with t he  present measurements is surpr i s ing ly  good (within 17 percent) 
considering the  d i f f i c u l t y  of making these n e s r f i e l d  measurements. 
A l imited number of streamwise v e l o c i t i e s  were measured f o r  t he  LDG, 
LDGIO and LDG/O (GR) configurat ions.  The va r i a t i on  of f l a p  vortex maximm 
a x i a l  ve loc i ty  defec t  with downstream d is tance  fo r  these configurat ions is 
shown i n  f i gu re  10. The vortex core streamwise ve loc i ty  towards t h e  model 
f o r  the  LDG configurat ion remains constant a t  about 12 percent of t he  towing 
speed from 5 t o  25 spans behind the model. For the  LDG/O and LDG/O (GR) 
configurat ions,  t h e  vortex a x i a l  ve loc i ty  defec t  is 50 percent higher i n  t he  
nea r f i e ld ,  p r io r  t o  merger of t he  f l a p  and wingtip vortex. 
Vortex T ra j ec to r i e s  
Although the  primary purpose of t h i s  experiment did not include obtain- 
ing vortex t r a j ec to ry  information, vortex-position t ime-his tor ies  can b e  
he lpfu l  i n  explaining the  measured ve loc i ty  p r o f i l e s .  Vortex t r a j e c t o r i e s  
can be only roughly deduced from ve loc i ty  measurements a t  j u s t  th ree  
e leva t ions  below the  model. For t h i s  reason, the  t r a j ec to ry  information 
presented i n  f i gu re s  11 and 12 has been supplemented with t he  flow v i sua l i -  
za t ion  d a t a  of reference 6. These f i gu re s  r e l a t e  prominent vor tex  spanwise 
and v e r t i c a l  loca t ion .  Figure 11 shows what e f f e c t  two outboard f l i g h t  
s p o i l e r s  have on the  t r a j ec to ry  of t he  vortex shed from the  outboard edge of 
t ne  outboard f l a p  i n  the  landing configuration. The l a s e r  and flow v i eua l i .  - - 
t i o n  data  show the  same general t rend - w i t h  spo i l e r s ,  the  vortex i n i t i a l l y  
moves fu r the r  inboard o f ,  then fu r the r  outboard o f ,  and eventual ly  ~pproaches  
the path o f ,  tLe vortex without spo i l e r s .  The t r a j ec to ry  with spo i l a r e  is  i 
much more e r r a t i c  and, fo r  t he  f i r s t  25 spans behind the  model, i t  descends 
much more rap id ly  ( re f .  6) .  Figure 11 shows t h a t  a t  about 0.4 span be: ow 
the  model, the  movement of t h i s  vortex in the  v e r t i c a l  plane is almost 
e n t i r e l y  l a t e r a l  i n  t he  outboard d i r e . t i o n .  Figure 12 shows the  t r a j e c t o r i e s  
of the outboard edge f l a p  vortex and wing t i p  vortex f o r  the  LDG/O and 
LDG/O (GR) configurat ions.  Selected X/b's a r e  noted on the  f i gu re  t o  allow 
r e l a t i v e  pos i t ion  comparisons. The e f f e c t  of t he  landing gear on the  f l a p  
vortex t r a j e c t o r y  was negl ig ib le  t o  30 spans. A t  12 span lengths  downstream 
of t he  model, with gear deployed, the  wing t i p  vortex begins t o  move outboard 
sooner. This is  suggested by the  l a s e r  da ta  presented i n  t he  f i gu re  and is 
q u i t e  evident i n  t he  flow v i sua l i za t i on  da ta  of references 6 and 7. No l a s e r  
da ta  f o r  t he  wing t i p  vor tex  with gear extended is shown beyond 12 span 
lengths  due t o  its accelerated outboard movement r e su l t i ng  i n  a merger with 
t he  f l a p  vor tex  before  the  next v e r t i c a l  test pos i t ion  was reached ( f i g .  7) .  
For reasons of c l a r i t y ,  only gear-retracted flow v i sua l i za t i on  da ta  a r e  pre- I 
seuted i n  t h e  f igure .  The agreement between the  l a s e r  and flow v i sua l i za t i on  . 
data  is good. 
SUMMARY AND CONCLUSIONS 
The wakes of four configurat ions of a B-747, 0.01 sca l e  (0.61-m span) 
model t ranspor t  a i r c r a f t  were invest igated.  The wake v e l o c i t i e s  were mea- 
sured a t  th ree  d i f f e r e n t  v e r t i c a l  positions below the  model and tqmpared i n  
an attempt t o  determine the e f f e c t s  of f l i g h t  spo i l e r s  and 1andih.g gear. 
The following is  a summary of the  r e s u l t s  of t h i s  experimental inves t iga t ion :  
(1) A t  a l i f t  coe f f i c i en t  of 1.3, the  following changes were noted i n  
t he  wake of the  landing configurat ion when the  two outboard f l i g h t  
spo i l e r s  were deployed a t  45' def lect ion:  (a) the maximum 
tangent ia l  ve loc i ty  of the  wake's pe r s i s t i ng  vortex (shed from the  
outboard edge of the outboard f l ap )  was reduced by 36 percent from 
the  5 t o  28 span lengths  behind the  model where v e l o c i t i e s  were 
recorded; (b) a t  12 spans, the f l a p  vortex was q u i t e  d i f fu se ,  
but oy 28 span lengths  its v o r t f c i t y  appeared t o  be reconcentrating; 
(c) the  vortex t r a j ec to ry  was more e r r a t i c ,  s inking almost twice a s  
f a s t  and moving fu r the r  inboard a t  5 span lengths ,  and then swinging 
fu r the r  outboard a t  12 span lengths.  However, i t .  eventual ly  
s e t t l e d  down and approached the  t r a j ec to ry  of the  unspoiled con- 
f i gu ra t i on  by 28 span lengths .  These l imited r e s u l t s  suggest t h a t  
the  major inf luence of spo i l e r s  on the  wake r e s u l t s  from t h e i r  
generation of turbulence. 
A. a l i f t  coe f f i c i en t  of 1.2, t he  following changes were noted i n  
the wake of t he  landing configurat ion with outboard f l a p s  r e t r ac t ed ,  
a s  a r e s u l t  of landing gear deployment: (a) the  wing t i p  vortex 
was more d i f fu se  a s  it orb i ted  about t he  outboard edge f l a p  vortex, 
its maximum tangent ia l  ve loc i ty  was reduced by 27 percent ,  and i t  
merged sooner with the  f l a p  vortex; (b) contrary t o  what was 
expected, the  f l a p  vortex had less of an a x i a l  vc loc i ty  defec t  
although i t s  core was more d i f fuse .  The weakening of the wing t i p  
vortex appears t o  be asso=iated with its passage through t h a t  por- 
t i o n  of t he  wake t h a t  i s  transporting landing gear turbulence. This 
weakening r e s u l t s  i n  t he  wiarg t i p  vortex merging sooner with the 
l i k e  s ign f l ap  vortex. A t  29 span lengths  behind the  model, there  
was s t i l l  no evidence of t he  res idua l ,  merged, f l a p  vor tex  recon- 
cen t r a t i ng  its v o r t i c i t y .  Hence, it  is  s t i l l  not  evident how the  
landing gear adversely a f f e c t s  the  f l a p  vortex. 
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Figure 2 . -  0.01 sca le  model of Boeing 747 airplane. 
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Figure 5.- Effect of flight spoilers on flap vortex tangential velocity 
profile. Landing configuration. 
Figure 6.-  Effect of landing gear on f lap  vortex tangential ve loc i ty  prof i le .  
LDG/O con£ iguration, CL = 1.16, a = 5.8'. 
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Figure 7 . -  Effect of landing gear on wing t i p  vortex tangential velocity 
pro f i l e .  LDG/O configuration, CL = 1.16, a = 5.8'. 
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Figure 8.-  Effect of landing gear on f lap vortex axia l  ve loc i ty  pro f i l e .  
LDG/O configuration, CL = 1.16, a = 5.8'. 
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Figure 9.- Downstream dependence of flap vortex maximum tangential velocity. 
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Figure 11.- Effect of f l ight  spoilers on flap vortex trajectory. Landing 
configuration. 
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Figure 12 . -  Effect of landing gear on f l a p  and wing t i p  vortex trajectories, 
CL - 1.16, a - 5.8'. 
